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PHOTODIODES FOR TEN MICROMETER
LASER COMMUNICATION SYSTEMS

ABSTRACT

This document discusses the performance of 10 ,m mercury-cadmium-
telluride and lead-lin-telluride photodiodes in laser heterodyne communication
systems. We examine the dependence of detector quantum efficiency, resistance,
frequency response, and signal-to-noise ratio on temperature, bias, and local
oscillator power. Included in the discussion is an analysis of the feasibility of
high temperature operation ( > 150°k), and ability of the detector to dissipate
power to a heat sink is explored. Some aspects of direct detection response are
considered and figures showing flux levels from a blackbody presented.
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PHOTODIODES FOR TEN MICROMETER
LASER COMMUNICATION SYSTEMS

I. INTRODUCTION

This document presents results of computer-aided calculations of the per-
formance of 10 u m photodiodes for satellite-borne laser communication systems.
The two candidate detector materials are mercury-cadium-telluride and lead-
tin-telluride. Both are compound semiconductors with energy gaps which vary
with temperature and mole fraction of constituent molecules. They have potential
for gigahertz bandwidths and in heterodyne detection systems have quantum noise
limited operation with 5 milliwatts or less of local oscillator power. In this
presentation, we examine the dependence of detector quantum efficiency, resist-
ance, frequency response, and signal-to-noise ratio on temperature, bias, and
local oscillator power. The effect of various doping concentrations and detector
size is examined. We also show the dependence of detectivity and related direct
detection characteristics on temperature. Included in the discussion is an
analysis of the feasibility of high temperature (> 150°K) detectors, and figures
of background flux levels due to a blackbody. The ability of the detector to
dissipate power to a heat sink is examined. The analysis is based on the classi-
cal model of a p-n homojunction. Accordingly, comments on performance of
heterojunctions and diodes using the Burstein-Moss effect are not included
here although many of our remarks are equally applicable to the more novel
diodes.

II. SIGNAL-TO-NOISE RATIO, DERIVATION

The suitability of a detector for use in a laser communication system can
be analyzed by way of the signal-to-noise ratio expected at the device output.
This requires knowledge of device equivalent circuit, detection technique (e.g.
direct, heterodyne), material parameters such as energy gap and dielectric
constant, and external parameters such as temperature and bias.

The equivalent circuit for a photodiode is shown in Fig. 1. The junction
conductance is GD, its resistance is RD, and its capacitance, C. The parasite
series resistance (plus the load resistance across the output) is Rs, and wo is
the angular frequency of the signal. From Fig. 1, it follows that the real part
of the diode output admittance, G, is i

1



I

Figure 1. Equivalent Circuit of Photodiode

GD + Rs (G + c2 C2 ) (1)

(1 +GDRS) 2 + (WCRS)2

hence the output impedance, R is

(1 + GD RS)2 + (w C RS)2 (2)
R = -(2)

GD + Rs (GD2 + 2 C2 )

We will use Eq. (2) at several points in our analysis.

In analyzing the signal-to-noise ratio there are four important noise me-
chanisms which must be considered. The first of these, thermal noise, arises
from thermally-induced fluctuations in charge carrier kinetic energy. The
mean squared thermal noise current, t2h is

i2 4kTB (3)
th R

where k is Boltzman's constant, T is the temperature, and B is the noise band-
width. To this, we add the statistically independent amplifier noise

2



j 4kT'B (4)
A R (4)

where T' is the temperature of amplifier at the detector output. A third source
of noise is the granularity of the d.c. current, Id .c. The associated shot noise
is

2 e Id. B
i 2 (5)

sh -
(1 + GD RS)2 + (w C RS)2

where e is the magnitude of the electronic charge and Id c is the total d.c. cur-
rent including dark and photo components:

Id.c. = ID + I B + IS + ILO (6)

whereID,, I, IS" ILo a r e the d.c. currents in the dark and due to background
radiation, signal radiation, and local oscillator radiation respectively. At low
frequencies, a fourth noise, known as 1/f or flicker noise must be considered.
It takes the functional form

A I 2

i2 = d .c.'B (7)1/f _fnc___ fn

with A and n constants (no 1). In general, 1/f noise is negligible at frequencies
used in communication. It will not be considered further in this paper.

The mean squared signal current, i 2 , in the diode depends on the mode of
S

detection. In direct detection

i2 = \ h v /
= (S) 2()

(1 +GDRs)2 + (wC Rs)2

where r is the detector quantum efficiency, P is the received signal power, h
is Planck's constant, and v is the light frequency. The signal-to-noise ratio for
direct detection is

3



/e 77P s 2

(S) h -v + ) 2)(9)

D 2eId c B +4K(T +T') (GD +Rs(GD +co 2 C2 ))B

In heterodyne detection, the signal at the intermediate frequency is

2 (e7)2 PP (10)
i2 _h ~~~~~~~~~~~~(1 0)

1s2
(1 + GD RS) 2 + ( C RS)2

where PL O is the local oscillator power. The signal-to-noise ratio at the i.f.
frequency is

2 (e) 2 Ps P..o
\h v / .0 (11)

H 2 eIdc B +4K(T +T') (GD + Rs(GD +w 2C 2 ))B

The material parameters of the photosensing substance determine 77, Id.. ,
GD, C and detector frequency response. These parameters are functions of the

temperature, bias, and radiation intensity. Before examining their detailed be-
havior we wish to write down a few limiting forms of Eqs. 9 and 11. Using
Is = e17Ps /hv, we find for direct detection

)Id.c. 2K(T +T') (1 +R (G +w2C2 Rs)) (12)
N- D 2h vB I I

s
+ i RD (

If the two major contributors to the d.c. current are dark current and
photocurrent due to b background photons/area/second arriving at the detector
then Id.c. = JD A + e77qA where JD is the dark current density and A is the de-
tector surface area. The important figure of merit, the detectivity, D*, is the
reciprocal of the noise equivalent power normalized to unit area and unit band.
Therefore, setting (S/N)D, A, and B equal to unity (and assuming (wc) 2 < 1/RDRs

4



Do =- D2 e2 1/2

2i eJ + 71e2+ 4K (T+T') (1 +G Rs)
eJD+77 + + RD

D

When background generated shot noise dominates all other noise terms, we
get the background limited detectivity

D 1 2- (14)DBlip h Y2

The background limited detectivity is plotted in Fig. 2 as a function of
blackbody temperature for several quantum efficiencies.

In the case of heterodyne detection, we assume that local oscillator current
dominates the photoinduced shot noise and find

S 77Ps I 2'k(T + + (T') (1 +RS(GD 2 C 2Rs) ) ()
HN= h v B I LO IL R D H 'L.O. LO D (5

For much of our discussion, we will consider a normalized signal-to-noise
ratio, (S/N)N, defined as the reciprocal of the bracketed quantity. If the local
oscillator power is sufficiently large so that ILO >> I

D
and shot noise dominates

thermal noise, the normalized signal-to-noise ratio approaches unity. Even in
this limit, the quantum noise limit, the normalized signal-to-noise ratio depends
on temperature and bias via the quantum efficiency.

The frequency response of the diode will be considered for two cases. If
shot noise dominates thermal noise at all frequencies of interest, then the
signal-to-noise ratio is frequency independent; however, both a decrease in the
signal and shot noise occur when

f = ~ > 1 (16a)
2-u 27TR s C

On the other hand, for thermal noise limited systems the signal-to-noise
ratio decreases when

5
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f > 1 (16b)

2 oVR~ C27'RD RsC

Since as a rule R
D

> R., the thermal noise limited diode has a smaller
frequency response than the shot noise limited one. Unless otherwise specified,
we will use equation (16a) to define the frequency response.

III. MATERIAL PARAMETERS

A. Energy Gap

The energy gap, E , of both HgCdTe and PbSnTe varies as a function of
temperature and mole traction of the constituent molecules. Denoting by x the
mole fraction of CdTe in HgCdTe and SnTe in PbSnTe, we have the notation:
Hgl X Cd x Te and Pbl x Sn Te. Then for Hgl_ Cdx Te2

Eg = 1.59x - .25 + 5.233 x 10-4T(1 - .208x) + .327x 3 (17)

and for PblxSn Te 3

Eg =- .48478x + .1830 + 4 .5654 x 10-4T(1 - .11 x). (18)

The energy gap is plotted as a function of temperature and x in Fig. 3. It
is evident that the detector operating temperature is a critical element in de-
termining sensitivity to a particular wavelength of light. A detector which is
sensitive to 10.6 / m radiation (.117 ev.) at 100°K will not respond to the same
radiation when the operating temperature is 175°K. Similarly, a detector de-
signed for ten micron detection at 175°K will be less sensitive to this radiation
at 100°K, rather it will be sensitive to longer wavelengths. For a 100°K detec-
tor the suitable concentration of CdTe is about 19.6% and of SnTe about 28%; at
175°K, the CdTe concentration should be about 18.6% while that of SnTe should
be about 30%.

The dependence of energy gap on temperature changes is readily found to
be

dE
dTg (HgCdTe) = 5.233 x 10- 4 (1 - .208x) (19)dT~~~~~~~~~~~~~~~~(9

7
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and

dE
-Tg (PbSnTe) = 4.565x 10- 4 (1 - .llx). (20)
dT

The sensitivity to variations in crystal composition, x, is also readily
computed

dE
dg (PbSnTe) = - .48 - 5.1 x 10- 5 T.

dx
(21)

and

dE
g (HgCdTe) = 1.59 - 1.09x 10-4 T + .971x2 (22)

dx

From these expressions, we conclude that the two materials have similar
sensitivity to temperature changes and that PbSnTe is three to four times less
sensitive to non-uniformities in crystal composition. This latter point is of
some significance since crystal growth often leads to both composition irregu-
larities and gradients.

B. Charge Carrier Concentration

Calculations of thermal equilibrium charge carrier density, ni, can be per-
formed both in the context of the classical parabolic energy band approximation
andinthe k. p approximation for small energy gap semiconductors. Provided the
effective mass is allowed to vary with temperature, the two calculations yield
essentially the same results4 . The dependence of intrinsic carrier density of
HgCdTe on temperature is shown in Figs. 4 and 5. In order to compare the
densities for HgCdTe and PbSnTe, we use the parabolic approximation for n

n (27TkT) 3/2 (me m) 3 /4 exp(-Eg,/kT) (23)

where me and mh are the electron and hole density of state effective masses.
Denoting the free electron mass by mo and using the representative values:
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m m
hHgCdTe: - =.008; .3

mO mO

m mh
PbSnTe: e =_ = .07

m0 m0

we find

n i (Hg Cd Te) (24)
.6 (24)

n i (Pb Sn Te)

for materials with the same energy gap. From this it follows that the impurity
doping levels required to achieve diode characteristics are comparable for the
two materials. At 100°K less than 10 16 impurity atoms/cubic centimeter are
required; while at 175°K 10 17 impurity atoms/cubic centimeter are required.
This has significant implications for device resistance and frequency response
as we will show later.

The small value of the electron effective mass in HgCdTe suggests that very
few charge carriers are required to fill those portions of the conduction band
near the minimum. This filling of low lying levels, the Burstein-Moss effect,
may be caused by photogenerated carriers as well as thermally excited ones. It
leads to an effective band gap greater than those indicated by Figure 3. The x
values quoted earlier for optimal 100°K and 175°K operation reflect an estimate
of this band filling.

C. Absorption Coefficient and Quantum Efficiency

An approximate value for the absorption coefficient, x, can be calculated
from the relations

(2mr) 3 / 2 e 2 (Eg - hv)/ 2 (25)

n h2 cm e

where mr = menMh/(me + mh)is the electron-hole reduced mass, n is the index
of refraction, c the space of light and E0 the permitivity of free space. For
nHgcdTe = 4, nPbSnTe = 7 and effective masses as before

12



a (Hg Cd Te) 1.6 (26)
a (Pb Sn Te)

indicating that the absorption coefficients of the two materials are comparable.
While the calculation above suggests that a (HgCdTe) > a (PbSnTe), data indicates
that at 77°K a (HgCdTe) 103 cm - 1 while a(PbSnTe) -104cm-1. 6 7 The reason
for this discrepancy is not known. In any case, junction depths of 1 to 10 micro-
meters are required to assure radiation being absorbed before the junction.

The quantum efficiency of the photodiode is the ratio of the number of photo-
excited charge carriers reaching the junction to the number of incident photons
and is a function of the absorption coefficient and diffusion length of the carriers.
Melngailis and Harman8 present an expression for quantum efficiency based on
the assumption that all absorption takes place at the detector surface, i.e. a - O.

They find

cs1 - R d(27)
cosh d -v sinhdL L L

where R is the reflection coefficient related to the index of refraction by

R =(n- 1)
2

n + 1/

d is the junction depth, L is the minority carrier diffusion length, v, is the sur-
face recombination rate, and z is the minority carrier bulk lifetime. For small
surface recombination

1 - R (28)
dcosh-
L

The effect of a finite absorption coefficient is to decrease the excitations
at the surface while allowing for possibility of charge carrier generation within
the bulk. At a distance x from the surface of the diode, the ratio of number of
photons unabsorbed to the number incident on the detector front surface, r, is

13



r e-ax (29)

If for all x, y < L, then we can estimate - from

(1 - R) (1 - e
-

ad) (30)v7 = d (30)
co sh-

L

For a high quantum efficiency L > d > l/a, but these conditions cannot always
be simultaneously satisfied. For example, with a mobility, A, of 10 4 cm 2 /volt-sec
a bulk minority lifetime of 10-8 see at a temperature of 100°K

L =(kT ) =9 3I-m (31)

This implies that a junction depth of not more than a few micrometers is
required to assure that all carriers diffuse to the junction before recombining.
However, with d = 3 / m and a = 1000 cm

-
1 then ad = 3, which fails to satisfy

the condition ad > 1. The quantum efficiency decreases with increasing tem-
perature as Fig. 6 illustrates. This is primarily due to the increase in the
width of the energy gap (which causes the absorption coefficient to decrease). A
secondary effect is a decrease in diffusion length at high temperatures due to
decreased carrier mobility.

D. Frequency Response

The frequency response of a photodiode can be limited by carrier transit
times or electrical circuit constraints. If a carrier is generated a distance s
from the junction, it diffuses to the junction in a mean time

Tr = e s 2/k T u. (32)

For a distance, s, of 3A m and a mobility of 105 cm 2 /volt sec at 77°K, the
diffusion time is 0.10 nanoseconds (nsec) while with the same s and a mobility
of 104 cm 2 /volt sec at T = 150° the transit time is .11 nsec, indicating a slight
degradation in the diffusion time at the higher temperature. The 0.10 nsec is
equivalent to a frequency response of 1.6 gigahertz while .11 nsec is equivalent

14
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to 1.4 gigahertz. The greater electron mobility in HgCdTe as opposed to that in
PbSnTe (Section IIF) gives the former material an advantage in overcoming dif-
fusion time limitations.

A more critical limitation on the response time is imposed by resistance
capacitance effects. As Eq. 15 shows device performance is degraded at all
frequencies such that
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f > 1 (33)
2 7 R. C

The capacitance is a function of applied voltage, the impurity profile,
(spatial distribution), and the dielectric constant of the material. For an abrupt
transition between the p and n regions of the diode

~NDNA I C = K ND NA A (34)
(e (ND + NA) (-V)

where e is the dielectric constant on the material, ND and NA the donor and
accepter concentrations and V the bias. In practice, the capacitance has been
found to vary typically from the inverse one-third power to inverse unity power
of the voltage. We note that the increased carrier concentrations required by high
temperature diodes increase the capacitance. The dependence of the R-C band-
width on voltage is shown in Fig. 7. It should be mentioned that because the di-
electric constant of PbSnTe ( 200) is much greater than that of HgCdTe (716);
the R-C limitations on PbSnTe are more severe than on HgCdTe.

E. Minority Carrier Bulk Lifetime

The minority carrier bulk lifetime is required to estimate the diffusion
length of the carriers. Beside recombination through surface states, electrons
and holes can recombine in the bulk via both radiative and non-radiative proc-
esses. Direct radiative recombination of electrons and holes with the emission
of photon is characterized by a lifetime, TDR '

n2

T = ni (35)
DR Gr (n 0 + po + A n)

where no and p0 are the thermal equilibrium densities of electrons and holes
in any one side of the device, An is the density of photogenerated pairs in that
region and

Gr = 8 XT a (v)dv (36)
C Eg/h e v /kT -

16



Hg Cd Te -

R5 = 50 ohms -

AREA =(150/Lm) 2 -

Dop 6 7 4 10 16cm 3

(200/ m)2

101 6 cm-3

(1 5 0 /L m) 2

l17 .3
10 cm

- (200MJm) 2

1017cm
'
3

300 500 700 900

BIAS (mv)

Figure 7. Frequency Response of Diode

10
9

N

- 88
-- 10

0 7

z
co

100

17



Using Eq. 25 for a and assuming Eg/kT > > 1, the integral can be evaluated
with the same result

8 73/2 e2 n (k T)5/ 2 (2 mr) 3 / 2 15 3 Eg 1
Gr -- - _ _

c 3 h5 me E8 2 kT 2 kT J exp { - (37)

In practice, ND no >> po (or NA TPO >>no) where ND (NA) is the density of
donor (acceptor) atoms on the n(p) side of the junction.

In the non-radiative Auger process, the minority carrier lifetime is

2 n 2 T
TA p

(no + Po + A n) (no + A n + f (Po + A n))
(38)

where

3.8 x 1 0 - 1 8 () (1 + U) (1 + 2 U) exp ( 1 +U
re

me0 IF F21 UT3/
T7.

Eg)

(39)

me IF 1F 2 kT 3/2
and MO Eg

m
Me

U =- .

m h

Here F1 and F2 are the overlap integrals of the periodic parts of the Bloch
functions for the two bands. We have used the value I F1 F2 .= .165 in our calcu-
lations.9 Eq. (38) is derived under the assumption of parabolic bands. Peter-
sonl

° has derived a corresponding expression in the k. p formulation; however,
the lifetimes calculated from the two expressions do not differ significantly.

Carrier recombination through flaw levels and traps is important particu-
larly in PbSnTe and also in HgCdTe at temperatures below 100°K. The
Shockley-Read model for recombination through a set of monovalent flaws
yields a lifetime

Tn0 (P0 + Pl + A n) + T-p
0 (no + nl + A n)

TSR =
(40)

no + po + A n
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The quantities TO0 and Tpo0 are constants and p 1 and n 1 are the electron
and hole densities when the Fermi level is at the recombination flaw energy. In
the context of a general discussion, one must consider the variation of carrier
lifetimes with the number of photoexcited carrier, An. For small volume photo-
conductors, the expressions used above must be modified to take into account
the rate of change of carrier recombination with increasing radiation intensity.
The criterion for such modification is that the number of photoexcited carriers
become comparable to the number of majority carriers in thermal equilibrium.
If 0 is the number of photons/sec., illuminating the photodetector, then the num-
ber of photoexcited carriers is 71. For a quantum efficiency of 20% and a power
of 10- 3 watts at 10.6 um, about 1016 carriers/second are generated. If the de-
vice is a high speed detector, then the minority carriers transit from the surface
to the junction in about 10 - °10 sec., so about 106 minority carriers are present in
the steady state. For a small volume detector (a 5 x 10 - 7 cm3 ), there may be
109 majority carriers on each side of the junction but only 103 minority car-
riers in thermal equilibrium. We conclude that the lifetime of the minority car-
riers in the photodiode is not appreciably altered by the illumination. Note,
however, that the density of minority carriers; hence, the reverse bias current
is appreciably altered.

The net lifetime is formed from the reciprocal addition of the individual
lifetimes. Figure 8 shows representative temperature variation of the hole
lifetime in n-type HgCdTe. Auger recombination dominates the lifetime of
heavily doped n-type HgCdTe and the Shockley-Read recombination dominates
in both n-type and p-type PbSnTe. The lifetime mechanism for p-type HgCdTe,
as determined by the experiment, is about 10- 9 seconds. This cannot be ex-
plained by the mechanisms discussed here, although the presence of high density
of impurities in the measured samples suggests that recombination through flaw
or impurity levels should be important.

F. Charge Carrier Mobility

The mobility of charge carriers is important in the determination of car-
rier diffusion times, diode resistance, and quantum efficiency; a high mobility
is required to assure that all photogenerated charge carriers reach the junc-
tion. The mobility is limited by scattering due to lattice vibrations, impurities,
or other crystal imperfections. The measured electron mobility in HgCdTe is
105 cm 2 /volt-sec and that of the holes 104 cm 2 /volt-sec at 100°K. In PbSnTe
both the electrons and holes have mobilities of 2.5 x 104 cm 2 /volt-sec at 100°K.
An implication of these numbers is that high speed, high sensitivity HgCdTe
photodiodes must use the electrons as the minority carriers in the photoactive
region, whereas the choice between electrons and holes in PbSnTe is independent
of these considerations. This point weighs somewhat in favor of PbSnTe since
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p on n diodes in HgCdTe have been difficult to fabricate. Another implication
is that PbSnTe diodes must be fabricated with a more shallow junction than
HgCdTe to maintain the same transit time characteristics. This implies a re-
duction in quantum efficiency for PbSnTe since the product ad is reduced. The
reduction is mitigated somewhat by the fact that minority carriers from both
sides of junction may contribute to signal detection in PbSnTe. On the other hand,
the temperature dependence of the mobilities, T- ' 5 for HgCdTe and T-

2 5for
PbSnTe indicates more severe degradation in the current carrying capabilities
of PbSnTe than HgCdTe at elevated temperatures. Coupled to the factor of 4
greater electron mobility in HgCdTe than in PbSnTe at 100°K, the mobility of
electrons in PbSnTe is only 1/6 that in HgCdTe at 150°K. The temperature vari-
ation of the electron mobilities at temperatures less than 150°K is shown in
Fig. 9.

G. Current-Voltage Characteristics and Junction Resistance

The current-voltage characteristics of a diode depend on the concentration
of the dopant atoms, the temperature, the mobility of the charge carrier, the
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intrinsic carrier concentration, and the diffusion length for the carriers. Ideally
for a shallow junction p-n device, the current is

I = Is t (eev/KT 1) (41)

where the saturation current, Isat , is

iat =An2 k(T + kT ) (42)

As before the subscripts e and h are used to designate electron and hole
respectively. When the diode is illuminated the saturation current contains
another component

e-qP
Sat (P) hv

where P is the power of the illuminating beam striking the detector surface. The
variation of saturation current with temperature is shown in Fig. 10. Due to
leakage across the junction, we must add to this a bias dependent term, I v,
which we assume takes the formIv[= GLV. The leakage conductance, GL, typi-
cally takes a value of 100 - 500 in HgCdTe for 77°K < T < 150°K. For IVI > kT/e

I = Ist + GLV (42)

With a bias of .5 volts, Iv - 1 ma. At 100°K, this is typically a factor of 10
greater than the saturation current indicating leakage current dominates the
I-V characteristics. Because high temperature photodiodes require increased
doping levels beyond those required at 100°K, we expect that both I and I are

s v

also greater in high temperature diodes. We will conjecture for this analysis
the leakage current is due to conduction by the majority carriers and is pro-
portional to the majority carrier mobility and concentration accordingly.

IL(150 °K) ND (required at 150 OK) (150 K) (43)

IL (100 °K) NA (required at 100 OK) u (100 OK)
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so that -10 milliamps of dark current may be expected at 150'K. This high
value of the dark current at elevated temperature has two very detrimental ef-
fects on device performance. It increases the dark current contribution to the
shot noise, necessitating the use of more than ten milliamps of photocurrent to
overcome the dark current. It also increases the power the diode must dissipate.
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This latter point is particularly critical. If V- 1 volt, then the diode must dis-
sipate > 10 milliwatts to maintain the desired operating temperature. In a mom-
ent, we will see that this may not be possible. However, if leakage current can
be overcome, PbSnTe is less likely to heat than HgCdTe because of its smaller
dark current.* Summarizing these remarks: The increased diode current in a
high temperature device caused by the increased saturation current and increased
leakage current require that more than ten milliwatts of photocurrent be gener-
ated to assure that photocurrent dominates the shot noise. The increased cur-
rent increases the power that must be dissipated causing a potential heating
problem in the diode.

H. Power Dissipation by Diode

In this section, we estimate the effect of the thermal conductivity on the
power dissipation at 150°K. Heat flow from the diode to a cold shield can be
limited by the diode material, the epoxy used to hold the diode, or the substrate
material. In order to achieve the highest possible thermal and electrical con-
ductivity, the diode may be epoxied directly to the cold finger with gold (or
other suitable conducting metal) impregnated epoxy. For at least one gold im-
pregnated epoxy, the thermal conductivity, K, at 290°K one-tenth that of gold. 1

We assume therefore

Kepox
= ' 0 3

290 ) 1.5 w~attsK epoxy = .03 ( 2T) 1. wt (44)cm °K

The thermal conductivity of heavily doped HgTe is .15 (77/T) watts/cm OK
while that of CdTe is .4 (77/T)1 ' 3 watts/cm K . We then find that at 150°K

KHgTe = 08

KCdT = .17 (45)

K =.08
epoxy

Since the epoxy layer is more than an order of magnitude thinner than the
detector, thermal conductance is limited by the detector material not the epoxy.
If the thermal conductivity of the compound Hgl x

CdTe is proportional to the
fractional content of the constituent molecules then for

*Due to smaller carrier mobility
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8 2 Cd Te at 150

°
, K = .09watt .

8 2 1 8 ~~~~Cm K

Now since

Pt _K AT (46)
^ ¥

where Pt is the power that must be dissipated through an area A and a length ~,
we find

A T = 83.3 PT (47)

for A = 4 x 10 - 4 cm2 and = 30 /Um. In Table I, we tabulate AT for several
values of Pt . In view of our earlier observation that 10 - 100 milliwatts may
need to be dissipated at 150°K, it is clear that heating of the diode can occur at
this temperature.

IV. SIGNAL-TO-NOISE RATIO, RESULTS OF CALCULATION

In Section II, we indicated that the performance of a photodiode depends on
its quantum efficiency, resistance, ratio of dark current to photocurrent, and
capacitance. In Section III, we related these quantities to the energy gap, car-
rier concentration, effective mass, absorption coefficient, diffusion length, mo-
bility, lifetime, and junction depth. We indicated in that section how these in-
trinsic parameters of the detector vary with extrinsic parameters such as
temperature, bias, and local oscillator power. It is evident that the signal-to-
noise ratio is a complicated function of these extrinsic parameters. Accordingly,
a computer program has been written to evaluate diode performance for a variety
of external conditions. The inputs to the program are the mole fraction of the
constituent molecules, detector size, doping concentrations, series resistance
and amplifier temperature. The program calculates energy gap, intrinsic car-
rier concentration, carrier mobility, junction resistance, quantum efficiency,
capacitance, frequency response, signal and noise currents, detectivity and other
parameters. These parameters are printed out as functions of temperature,
bias, and local oscillator power. There is some variation in program size de-
pending on exact information requested, but a typical program contains 125
executable Fortran statements and can be run on an IBM 360/91 computer in
less than 4 seconds of central processing unit time. Table II indicates some of

25



Table I

Heating of Diode at High Temperature
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Table II

Computer Program Parameters

Parameter Valve

Detector Area, A 4 x 10- 4 cm2

Junction Depth, d 10 /-rm

Amplifier Temperature, TA 168°K

Series Resistance, Rs 50 ohms

Refractive Index, n 4.0 (Hg Te)
2.6 (Cd Te)
6.0 (Pb Te)
6.6 (Sn Te)

Donor Density, ND 1016 cm - 3 (low T diode)
.1017 cm- 3 (high T diode)

Acceptor Density, NA 1016cm
- 3 (low T diode)

1017 cm -
3 (high T diode)

Dielectric Constant, E n2 (Hg Cd Te)
200 (Pb Sn Te)

Light Frequency 2.83 x 1013 hz

Background Temperature, TB 300°K

the constants used in the programs whose results are reported here. In Figs.
11 through 14, we show the results of the computer calculations of (S/N)N both
as a function of local oscillator power and temperature. Fig. 11 shows the
usual asymptotic approach to the quantum noise limit as local oscillator power
is increased until local oscillator induced shot noise dominates all other noise
terms. This requires several milliwatts of local oscillator power for the tem-
peratures shown. Fig. 12 shows a degradation in (S/N)N as temperature is in-
creased. This primarily reflects a decreasing quantum efficiency. Two other
effects are also at work; the saturation current is increasing with increasing
temperature due to greater minority carrier concentration and the leakage cur-
rent is decreasing due to reduction in carrier mobility. Fig. 13 is a plot of
(S/N)N for a high temperature photodiode. The signal-to-noise ratio is well
below unity even at the higher values of local oscillator power. This reflects
the large dark currents in a high temperature device; we have already indicated
that these currents may cause heating of the device. In these figures we have
assumed that diode is operating at frequency within its electrical bandwidth.
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In Fig. 14, we show the theoretical D* of a HgCdTe detector in a direct de-
tection system with 1/f noise negligible. We have assumed that a 300°K black-
body is a source of background radiation and that the detector has a 120° field of
view. Leakage current is ignored. The decreased D* as temperature is in-
creased is due to increased saturation current and, thermal noise. The
curve D*ip is the calculated with all dark noise suppressed and indicates ex-

Blip

pected performance levels of the diode when leakage currents can be overcome,
saturation current reduced and thermal noise suppressed.

It should be pointed out that the figures discussed so far in this section re-
flect the performance of good quality photodiodes but not ultimate limitations.
Improvement in diode performance can be achieved in at least three ways. The
most important of these is a reduction in the leakage currents. We have assumed
a leakage conductance for both HgCdTe and PbSnTe of .002 mhoes at 77°K cor-
responding to a resistance of 500 ohms. Recent reports 2 indicate that reduc-
tion in leakage currents is achievable. Elimination of leakage current raises
(S/N)N at 100°K and 1 mw local oscillator power from .24 to .36.

The dark current and capacitance can be considerably decreased by reduc-
ing the detector area. A decrease in the length of a square diode from 200 im
to 100 u m results in a factor of 4 decrease in the detector area and hence a
factor of 4 decrease in the capacitance and minority carrier current. The re-
sult is a factor of 4 decrease in RSC. This extends the RSC frequency response
of HgCdTe to about 1.2 GHz when Rs = 50 ohms. Finally, the quantum efficiency
can be significantly improved by antireflection coating of the surface. Such
coating can increase the quantum efficiency of by a factor of 1.8 in PbSnTe and
1.5 in HgCdTe.

V. SUMMARY AND CONCLUSIONS

In this section, we summarize the results of the diode analysis and formu-
late certain conclusions about detector performance and potential.

A. Photodiodes for Operation in the 77°K to 150°K Temperature Range

Both HgCdTe and PbSnTe can be used as quantum noise limited 10.6 u m
photodiodes. The frequency response is 400 - 1200 MHz for a HgCdTe photo-
diode and 70 - 280 MHz for a PbSnTe photodiode when each is terminated by a
50 ohm load. Without antireflection coating, HgCdTe has a quantum efficiency
of 27% at 77°K and about 15% at 150°K. Over the same range, the quantum
efficiency of PbSnTe changes from 18% to less than 10%. These quantum ef-
ficiency calculations assume junction depths of 10 /Lm. The internal quantum
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efficiency (no reflection) of the devices is as high at 45% for HgCdTe and 32%
for PbSnTe. Large bandwidth HgCdTe photodiodes must be fabricated in a p on
n configuration while those of PbSnTe may be either p on n or n on p. PbSnTe is
a more stable material and is less sensitive to variations in crystal composition.

B. Photodiodes for Operation Above 150°K

Diodes fabricated for operating temperatures in excess of 150°K require
higher doping concentrations than those designed for operation at low tempera-
ture. Dark currents of 10 to 100 milliwatts may be anticipated. This poses a
potential heating problem and requires that more than 10 milliwatts local oscil-
lator power be used to achieve quantum noise limited operation. This high local
oscillator power will also cause detector heating. The R C bandwidth is degraded
by about a factor of 3 over that for lower temperature devices by the increase
capacitance which is concomitant with increased doping levels. Because elec-
tron mobility of PbSnTe decreases more rapidly with temperature than that of
HgCdTe transit time limitations on the frequency response in this material be-
come severe for T > 150°K. For the same reason the dark currents in PbSnTe
as compared to HgCdTe will be somewhat smaller. At temperatures above
150°K thermal noise becomes comparable to dark shot noise and degrades the
signal to noise ratio.
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APPENDIX

Figures A1 and A2 show the number of photons emitted per unit emitter
area per second from an ideal blackbody. To determine number of photons
incident on a detector of area Ar when the detector field of view, Q, is filled
by the blackbody, multiply by Ar/l7 Q.
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Figure Al. Density of Photons Emitted by Blackbody
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